omposting is an alternative management practice for handling solid manure produced by intensive cattle production systems (AAFRD, 2005; Larney and Olson, 2006) . This form of manure may be partially dried on open lots or contain added bedding materials to absorb moisture. Through composting, organic components in the manure decompose into more stable materials, with lower effective volume (i.e., increased bulk density), less moisture content, and reduced pathogen levels (AAFRD, 2005; Rynk et al., 1992; Larney et al., 2000; Cekmecelioglu et al., 2005) . These characteristics make composting attractive, as composted manure has improved nutrient (AAFRD, 2005; Rynk et al., 1992) and physical (Raviv et al., 1987; Weindorf and Wittie, 2003) qualities that are beneficial to soils when applied and is easier to haul and transport (Rynk et al., 1992) . However, composting of manure also has some drawbacks, which include the loss of large amounts of nitrogen (N) through ammonia (NH 3 ) volatilization and the emission of greenhouse gases (GHGs), namely carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) (Hao et al., 2001; Hellebrand and Kalk, 2001; Larney and Olson, 2006) . Assessment of the environmental impacts of composting requires that these gaseous emissions be quantified. Techniques for quantifying or estimating gaseous emission rates for manure storage systems, such as compost windrows, include the use of direct measurement, emission factors, and process-based modeling (NRC, 2003) . Depending on the method used, direct measurement can give the most accurate gaseous emission estimates; however, its implementation can be costly and difficult. With an emission factor approach, large uncertainties in estimates can be expected as the effects of animal production management, manure handling practices, and environmental conditions are normally not represented. In process-based modeling, mathematical models are used to simulate the different processes affecting the formation of these gaseous emissions as influenced by animal and manure management practices and environmental conditions. To obtain accurate estimates, development and evaluation of these mathematical models requires the use of experimental data.
Developed as a research and educational tool, the Integrated Farm System Model (IFSM) is a comprehensive, whole-farm model that can be used in evaluating the longterm performance, environmental impacts, and economics of crop, dairy, and beef production systems (Rotz et al., 2015) . In simulating gaseous emissions from manure, the performance of IFSM has been verified and documented for dairy free-stall barns (NH 3 ; Rotz et al., 2014) , dairy and beef open lots (NH 3 , N 2 O; Bonifacio et al., 2015b) , manure lagoons and storage ponds or tanks (NH 3 ; Rotz et al., 2014) , and manure field application (NH 3 ; Rotz et al., 2014) . In the previous version (4.2), IFSM had routines for predicting carbon (C) and N gaseous emissions from dry manure during storage. With "stack" as the simulation storage option for dry manure (e.g., manure removed from open lots), IFSM approximated NH 3 , N 2 O, and CH 4 emissions during manure storage. However, the routines used in predicting these emissions from dry manure during storage had several shortcomings. The NH 3 emission model, which is based on a two-film interface mass transport model and is used in simulating NH 3 emissions from animal housings, manure storages, field application, and pasture, had been evaluated for slurry and liquid manures but not dry and solid manures (Rotz et al., 2014) . In addition, the appropriateness of this general NH 3 emission model was unknown, as distinctive physical qualities (e.g., porosity) of dry and solid manures were not considered. Because N 2 O and CH 4 emissions from dry manure were calculated using Intergovernmental Panel on Climate Change (IPCC) factors (Rotz et al., 2015) , the effects of weather conditions and manure management on both these emissions were not modeled. Furthermore, CO 2 emission, which may represent more than 90% of C losses during storage of dry manure (Hao et al., 2001; Larney and Olson, 2006) , was not simulated. If the manure were exported from the farm as compost, IFSM predicted all remaining total ammoniacal N (TAN), i.e., ammonium (NH 4 + -N) + NH 3 -N, plus 25% of the organic N to be lost during composting based on Ott et al. (1983) and Sommer (2001) . However, a field study by Larney and Olson (2006) showed that significantly more N could be lost (50% to 60% of the total N, i.e., organic N + inorganic N) during composting of cattle manure.
Several models for simulating different composting systems (e.g., small-scale composter, windrows) have already been published. Simulation models designed for on-farm windrow composting include bulk (i.e., non-spatially explicit) models, such as those by Cekmecelioglu et al. (2005) , Li et al. (2012) , and Oudart et al. (2015) , and spatially explicit models, such as the one described by Lukyanova (2012) . Depending on the time step, bulk models are less computationally intensive than spatially explicit models; however, since a windrow is treated as one homogenous system, this could potentially lead to large uncertainties in the simulation, as described later in the article. On the other hand, spatially explicit models can provide more accurate simulation results but are computationally intensive and far more difficult to implement for a whole-farm simulation such as IFSM.
To address the shortcomings of IFSM (v. 4 .2), we developed a process-based model for predicting C and N losses and corresponding gaseous emissions during storage of dry manure with or without aeration. Compared to other models for simulating windrows, the IFSM compost windrow model is a compromise between bulk and spatially explicit models in terms of model accuracy and simulation time. Furthermore, the IFSM compost windrow model is more comprehensive, as it can simulate various processes occurring during composting that affect the chemical, physical, and environmental conditions within windrows. This article describes (1) modeling components for simulating the different C and N transformation and emission processes during storage of manure in windrows, (2) modeling components for simulating changes in windrow physical properties and environmental conditions, and (3) the integration of these components to establish a new compost windrow model for use in IFSM (v. 4.3) . The performance evaluation of the compost windrow model is described in an accompanying article (Bonifacio et al., 2017) .
MODEL DESCRIPTION
To overcome limitations in predicting C and N losses during storage of dry manure, a different approach was used in the revised IFSM (v. 4.3) for simulating C and N transformation and losses from stacked manure. This manure comes from an open lot where it is dry enough to stack or it contains any defined amount of bedding material to allow the manure to be handled as a solid material. A stack is now referred to and treated as a compost windrow, which can be static (i.e., no turning) or turned (i.e., with turning) during storage. In the revised IFSM, a new compost windrow model is incorporated to simulate several processes taking place during composting, which can be defined simply as "the biological decomposition and stabilization of organic matter" (AAFRD 2005) , and the resulting C and N gaseous emissions. These processes include organic C and N microbial decomposition (mineralization), C and N microbial consumption (immobilization), microbial respiration, NH 3 volatilization, nitrification, denitrification, leaching, runoff, and CH 4 fermentation and oxidation. Because of their great influence on composting, environmental conditions within the windrow, such as moisture content, temperature, aeration, and oxygen availability, and compost material properties, such as particle density and bulk density, are also modeled. Figure 1 is a simple diagram illustrating the simulated flow in the compost windrow model. The model equations and terms are summarized in table 1.
WINDROW SIMULATION PROFILE
Two simulation profiles are used in modeling compost windrows, both static and turned: (1) the windrow profile, which represents the shape of an actual windrow, i.e., triangular ( fig. 2a) , and (2) the equivalent soil profile, which is rectangular-shaped ( fig. 2b ) similar to simulation profiles implemented in modeling croplands and open lots in IFSM. To simplify modeling of windrows, dimensions of these two simulation profiles are held constant. Based on published values (Augustin and Rahman, 2010; Hao et al., 2004; Larney and Olson, 2006) , the height and width (base) of a typical manure windrow range from 1.2 to 1.8 m and from 3.0 to 4.3 m, respectively. Larger windrows can be formed, with heights and widths up to 4 and 7 m, respectively, depending on the equipment available for windrow preparation and turning (AAFRD, 2005; Sherman, 1999) . In evaluating the performance of the compost windrow model (Bonifacio et al., 2017) , data used were those presented by Larney and Olson (2006) from their cattle manure composting research, with supporting information from Larney et al. (2000) and Hao et al. (2001) . Therefore, to agree with values reported by Larney and Olson (2006) , the height and width of the windrow profile were set to 1.5 and 3.5 m, respectively ( fig. 2a) . The length of the windrow profile is computed as a function of the amount of manure (and added dry material) to be composted.
In limited models for compost windrows and systems, either process-based (Li et al., 2012) or numerical (Cekmecelioglu et al., 2005) , the windrow (or equivalent manure storage) was simulated as one homogenous system, i.e., with temperature, moisture content, and other characteristics uniform throughout the profile. However, as demonstrated by Hao et al. (2001) , conditions such as temperature vary throughout the windrow profile. Implications of this include large inaccuracies in predicted emissions. As an example, measurements from Hao et al. (2001) indicated that at some point during composting, temperatures of the outer and inner parts of a windrow could differ by as much as 40°C, with the inner parts having the highest temperatures. Using the highest temperatures in modeling the whole windrow would likely lead to overprediction of the amounts of C and N included in processes, such as mineralization, NH 3 volatilization, and nitrification (Li et al., 2012; Rotz et al., 2015; Shaffer et al., 1991) , simulation of shorter composting periods, and consequently overestimation of emissions. To resolve this, the windrow profile was divided into two equal parts ( fig. 2a) . The inner part of the windrow, which is triangular with a height and width of 1.06 and 2.48 m, respectively, is referred to as either the inner windrow or inner half of the windrow, and the outer part of the windrow is referred to as either the outer windrow or outer half of the windrow. This simulation profile is used when modeling aeration within the windrow, evaporation from the windrow surface, and heat transfer between inner and outer halves of the windrow. With this setup, two sets of conditions (i.e., temperature, moisture, and C and N contents) are simulated representing each half.
Modeling routines for several N processes, such as nitrification, denitrification, and leaching, used for croplands (Rotz et al., 2015) and open lots (Bonifacio et al., 2015b) are also implemented for windrows. Because these routines were developed for soils (DayCent, 2007; Del Grosso et al., 2000; Parton et al., 1996 Parton et al., , 2001 ), a soil profile equivalent of the windrow profile ( fig. 2b ) is used when simulating these processes. Similarly, this profile is divided into two equal layers, each 33.4 cm deep and 3.9 m wide ( fig. 2b) . The 33.4 cm depth is the thickness of the windrow profile's outer half ( fig. 2a) , whereas the 3.9 m width is based on this depth and half of the windrow profile's cross-sectional area (~1.31 m 2 ). The outer layer, which corresponds to the outer half of the windrow, is divided into four sublayers with depths of 3.0, 4.5, and 7.5 cm for the three upper sublayers as is used to model soil profiles for croplands (Rotz et al., 2015) and open lots (Bonifacio et al., 2015b) . 
MOISTURE CONTENT
The recommended moisture content for a composting windrow ranges from 50% to 60% (wet basis) (AAFRD, 2005; Rynk et al., 1992) . Moisture in windrows comes from water addition at the start of and during composting (AAFRD, 2005; Augustin and Rahman, 2010) , precipitation (Larney and Olson, 2006) , and water produced due to microbial activity (Epstein, 1997) , whereas it is lost mostly through evaporation (Epstein, 1997; Larney and Olson, 2006) and perhaps runoff. Distribution of moisture is af- = total denitrification N loss as a function of nitrate concentration (g N g
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= maximum fraction of CO 2 -C that can be converted to CH 4 -C within a day ( fected by water movement within the windrow, and turning if performed. The windrow water model can simulate the following processes: precipitation infiltration, runoff, saturated and unsaturated flows, and evaporation. Relationships used to simulate precipitation infiltration, runoff, and saturated flows for windrows are from the CERES-Maize soil model (Jones and Kiniry, 1986) and are also used for croplands (Rotz et al., 2015) and open lots (Bonifacio et al., 2015b) in IFSM. Different relationships in simulating unsaturated flows and a new model for evaporation are implemented to better represent windrow conditions and improve agreement between simulated and measured moisture contents.
Instead of using the water diffusivity equation
) currently used in IFSM to represent soil processes, a more appropriate expression is used in simulating unsaturated flows in compost windrows. Using data presented by Sutitarnnontr et al. (2014) , the cattle manure hydraulic conductivity (K hc ), a parameter equivalent to water diffusivity (Marshall et al., 1996) , is computed as a function of moisture content (eq. 1). With In the CERES soil model implemented in IFSM, the potential rate of soil water evaporation is dependent on daily solar radiation (Jones and Kiniry, 1986; Rotz et al., 2015) . In simulating windrows, three configurations are considered: open, roofed, and covered (i.e., fabric-based materials). In the latter two, moisture can be controlled by removing precipitation and reducing evaporation. In the absence of solar radiation effects, the water evaporation model was revised to provide a water evaporation routine valid for all three windrow designs (see Evaporation section).
Parameters required in moisture content simulation include porosity, field capacity, and saturation moisture content (Jones and Kiniry, 1986) . Saturation is assumed to equal total porosity (PO total ), which is a function of windrow dry bulk density ( dry ) and windrow particle density ( p in eq. 2) (Richard et al., 2002) . Similar to the open-lot model (Bonifacio et al., 2015b) , field capacity is calculated as half of saturation. At the start of composting,  p is initialized at 1370 kg m -3 based on measurements by Das and Keener (1997) , whereas initial  dry is approximated from the initial amounts of manure (i.e., organic + inorganic) and added dry material in the windrow and their corresponding bulk densities (eq. 3). As described in the accompanying article (Bonifacio et al., 2017) , the bulk density for both manure organic and inorganic components is set to 175 kg m -3 based on data from Larney and Olson (2006) and Hao et al. (2001) , whereas the added dry material is based on the type selected, with default settings of 135, 135, and 237 kg m -3 for straw, cornstalk, and sawdust, respectively (AAFRD, 2005; Rynk et al., 1992) . As simulation of the composting process progresses, effects of the presence and amount of composted material on windrow physical properties, such as  p and  dry , are modeled (see the Compost Physical Properties section).
The total moisture loss is influenced by changes in water retention characteristics of the windrow material during composting (Raviv et al., 1987 ). In the model, it is assumed that the raw, uncomposted material can potentially lose all its moisture through unsaturated flow (i.e., to adjacent layers) and evaporation. On the other hand, to simulate its higher water retention characteristics, the composted material can retain moisture equivalent to 60% of its water holding capacity; below this level, no water is lost through unsaturated flows and evaporation.
Several conditions are also applied when predicting moisture content for windrows. The moisture content in each layer is limited to a minimum of 15% (wet basis) for computation purposes (i.e., to prevent infinite concentrations). For turned windrows, turning evenly redistributes moisture throughout the windrow profile.
EVAPORATION
Moisture evaporation from windrows can occur through surface drying, aeration, and turning (Larney and Olson, 2006; Robinzon et al., 2000) . Robinzon et al. (2000) reported that 90% to 94% of the total water evaporation loss was due to surface drying and aeration.
In the compost windrow model, evaporation through surface drying and aeration is simulated. Potential evaporation rates for surface drying and aeration are based on relationships and concepts from previous studies (Black et al., 2013; Liang et al., 2004; Robinzon et al., 2000) . Assuming a constant windrow surface area, the potential rate of surface evaporation (E sur ) is a function of a water mass transfer coefficient in gas phase (K g,w ) and an air moisture concentration gradient between the surface and ambient air (eq. 4) (Black et al., 2013) . The K g,w value is calculated from an effective air velocity at a 10 m height and Schmidt number using a relationship derived from data presented by Mackay and Yeun (1983) (eq. 5). Effective air velocity is set to ambient air velocity for open windrows, half of the ambient air velocity for roofed windrows, and 0 m s -1 (i.e., no surface evaporation) for covered windrows. Ambient air moisture concentration is estimated from ambient relative humidity (RH), whereas air moisture concentration on the windrow surface is calculated with the assumption of a saturated (100% RH) air layer at the surface (Black et al., 2013) . Air moisture concentration is determined from relative humidity using relationships based on MAC (2011), which involves computation of several air moisture parameters such as humidity ratio, partial pressure of water vapor in air, density of dry air, etc. Saturation pressure of water vapor is computed as a function of temperature (eq. 6) (Vladilo et al., 2013) . The RH is approximated from meteorological inputs (i.e., daily maximum, minimum, and average temperatures, precipitation, wind speed, and solar radiation) and the number of preceding consecutive days without rain using equation 7 derived using measurements taken at a cattle feedlot in Kansas (Bonifacio et al., 2011) . Using measurements at another Kansas feedlot (Bonifacio et al., 2015a) and an Idaho meteorological station (Bonifacio et al., 2015b) , which are sites located in two different climatic regions, preliminary evaluation showed that equation 7 estimated RH well, with correlation coefficients of 0.63 and 0.84, respectively (data not shown).
In calculating the potential rate of evaporation due to aeration (E aer in eq. 8), airflow through the windrow is simulated in three stages: (1) from ambient air to outer windrow, (2) from outer windrow to inner windrow, and (3) from inner windrow to outer windrow. For each stage, initial (MC aer,in ) and final (MC aer,out ) moisture concentrations of air as it flows through the windrow are calculated following the same procedure explained above. In calculating MC aer,out , it is assumed that air exiting each half of the windrow is at the temperature of that part of the windrow and saturated (Liang et al., 2004; Robinzon et al., 2000) . For the first two stages in which the temperature of air flowing through the windrow increases, evaporation is simulated because more water is required for air to be saturated at higher temperatures (i.e., MC aer,in < MC aer,out ). On the other hand, for the last stage in which air temperature decreases as air flows from the inner to outer windrow, condensation is modeled because of the decrease in temperature (i.e., MC aer,in > MC aer,out ). Calculation of the aeration volumetric flow rate (V aer ) used in equation 8 is described below (see Oxygen and Aeration section).
The overall potential evaporation rate is the sum of E sur , E aer for the outer windrow, and E aer for the inner windrow. However, predicted actual evaporation rates are either equal to or lower than these values based on two constraints. As mentioned, the first constraint is the 15% lower limit for moisture content (wet basis). Through refinement using Larney et al. (2000) moisture data, the second constraint is setting a maximum evaporation loss equal to the amount of water present in the upper 15 cm (i.e., first three sublayers) of the windrow.
TEMPERATURE
Temperature is an important parameter that can be used as an indicator of the phase of composting (AAFRD, 2005; Epstein, 1997; Rynk et al., 1992) . Composting has two major phases: (1) active composting, and (2) curing (AAFRD, 2005; Rynk et al., 1992) . Each phase can be further divided into two stages in terms of temperature profile and microbial activity: mesophilic and thermophilic stages for the active composting phase, and mesophilic and maturation stages for the curing phase (Cooperband, 2002; Ghazifard et al., 2001) . During the active mesophilic stage, which is dominated by mesophilic microorganisms (i.e., mesophiles) that grow in the 25°C to 40°C range (Pelczar et al., 2010) , windrow temperature increases rapidly within a few hours due to a sudden increase in microbial activity. Once windrow temperature reaches 40°C, the composting process enters the active thermophilic stage, which is dominated by thermophilic microorganisms (thermophiles) that grow best in the 50°C to 60°C range (Pelczar et al., 2010) . This stage can last for several weeks depending on the amount of manure and dry material composted. Because of the high growth rate of thermophiles at 50°C to 60°C and consequently high heat production, the windrow must be monitored and managed such that the temperature does not exceed 70°C, or the active composting phase can end abruptly (AAFRD, 2005; Rynk et al., 1992) . Temperature management includes windrow turning when the compost temperature is around 65°C and/or adding moisture (AAFRD, 2005) . If either organic C or organic and inorganic N becomes limiting for thermophile consumption, the growth of thermophiles ceases, the temperature decreases, and the growth of mesophiles starts over; this is referred to as the curing mesophilic stage. This is followed by the curing maturation stage, which is characterized by a slow composting rate for the remaining C and N and the return of windrow temperature to an ambient level.
In the model, windrow temperature is primarily dependent on simulated microbial activity and windrow conditions, which include moisture content, aeration, and remaining material. Temperature prediction involves simulation of heat gain, heat losses, and heat transfer during composting. Based on published numerical models for compost windrow temperature (Cekmecelioglu et al., 2005; Liang et al., 2004; Lukyanova, 2012) and IFSM input and simulated parameters, heat simulation considers the following processes:
(1) heat generation through microbial activity, (2) heat losses through evaporation and convection, and (3) heat conduction between outer and inner windrows.
Calculation of heat generation and losses is done by layer, where heat generation (H g ) is a function of the amount of C respired as a result of microbial activity (C resp in eq. 9). The amount of heat generated for the C respired (h c in eq. 9) is set to 20 MJ kg -1 C (Cekmecelioglu et al., 2005; Li et al., 2012) . For the amount of C lost to the atmosphere through respiration, simulation of microbial activity is described below (see C and N Processes section). Evaporation heat loss (H evap ) is computed from the simulated amount of water evaporated from each layer, with latent heat of evaporation set to 2.37 MJ kg -1 H 2 O (Cekmecelioglu et al., 2005; Liang et al., 2004 ) (eq. 10). Convection heat loss (H conv ) is the maximum amount of heat required to raise the temperature of air flowing through the windrow to equal the windrow temperature. Based on Liang et al. (2004) , H conv is a function of aeration, specific heat capacities of dry air and water, initial and final air humidity ratios, and initial and final air temperatures (eq. 11). Specific heat capacities of dry air and water are set to 1.006 kJ kg , respectively (Liang et al., 2004) , whereas air humidity ratio is calculated from relative humidity and temperature (MAC, 2011) . Heat conduction between the outer and inner windrows (H cond ) is a function of their temperature difference and windrow thermal conductivity (k w in eq. 12). Assuming this thermal conductivity is equal to that of cattle manure, k w is calculated from the overall moisture content of the windrow using a relationship from Sutitarnnontr et al. (2014) .
Compared to documented numerical models for temperature, the process-based temperature model developed for windrows performs better in two aspects. Other numerical models for windrows (Cekmecelioglu et al., 2005; Lukyanova, 2012 ) have difficulty representing the rapid rise in temperature at the start of composting. In the developed windrow temperature model, this is resolved by implementing a multi-factorial kinetic model described by Richard (1997) in computing decomposition rate (see C and N Processes section). Unlike the numerical model of Cekmecelioglu et al. (2005) , as an example, our windrow temperature model has better performance in simulating temperatures for windrows composted during cold conditions. In preliminary analyses over a range of climate conditions, the model predicted inner windrow temperatures of >70°C for the first few days of composting even at below-freezing ambient air temperatures.
For turned windrows, turning lowers and returns the temperature of the whole windrow to that of ambient air. Based on their cattle manure compost study, Robin et al. (2002) suggested that after turning, half of the heat produced accumulates within the compost until reaching a maximum temperature. Similar to findings by Robinzon et al. (2000) , Robin et al. (2002) indicated that most heat is lost through evaporation. Therefore, in simulating turning events, no heat evaporation loss from the inner windrow occurs until its temperature reaches 40°C, the defined starting temperature for the active thermophilic stage.
OXYGEN AND AERATION
As an aerobic process, composting requires a continuous and sufficient supply of oxygen for microbial consumption. Based on AAFRD (2005) and Rynk et al. (1992) , the minimum oxygen concentration requirement within the composting material is 5% (ambient air has approximately 21% oxygen). Lack of oxygen leads to anaerobic decomposition, which is a much slower process and can produce undesirable emissions, such as CH 4 , hydrogen sulfide, and other odorproducing compounds (AAFRD, 2005; Rynk et al., 1992) . Depending on the type of composting, oxygen can be provided through the following methods: natural convection and mechanical aeration for static windrows, and natural convection and turning for turned windrows (Epstein, 1997) . Mechanical aeration for static windrows, which Cooperband (2002) referred to as forced aerated static piles, is currently not considered due to the complexity involved and lack of use on farms.
The routine simulating the amount of air entering or added to the windrow is composed of two components: a simple equation for turning, and a model for natural convection driven by a temperature gradient (Yu et al., 2008) . For turning, air within the windrow is replaced by ambient air. For outer and inner windrows, the amount of ambient air added through turning is equal to the volume of air-filled pore space, which is the product of windrow volume and airfilled porosity (PO air ). The value of PO air is a function of  dry and simulated moisture content (Richard et al., 2002; USEPA, 1995) . The windrow aeration model, which applies to both static and turned windrows, is adapted from aeration models by Richard et al. (2004) and Yu et al. (2008) for cylindrical composting bioreactors. Assumptions made by Yu et al. (2008) considered valid for windrow simulation are used, which include: (1) air is incompressible, (2) both outer and inner windrows are homogenous, (3) airflow is uniform throughout each simulation layer, (4) dry air mass flow rate is constant, and (5) temperature of exiting air is equal to windrow temperature. However, with a different configuration (i.e., triangular windrow vs. cylindrical bioreactor), additional assumptions were made: (1) both ambient air enters and exhaust air exits the windrow at any given point on the outer surface, (2) as it is not set nor simulated, airflow direction has no effects on processes such as water evaporation and heat convection, and (3) a constant air velocity throughout the windrow is assumed. Based on the simulation profile ( fig. 2a) , the volume of air passing through the inner windrow is driven by the temperature gradient between the outer and inner windrows. On the other hand, the total amount of air passing through the outer windrow is driven by the temperature gradient between the outer windrow and ambient air plus the inner windrow aeration. For each half of the windrow, daily aeration (V aer ) is a function of PO air , surface area (A w ), compost material permeability (K p ), air density and viscosity (i.e., both held constant), and temperature gradient (eq. 13) (Yu et al., 2008) . The value of A w is based on the calculated length of the windrow. The K p is a function of PO air , effective particle size (d p ), and the Ergun viscous component constant (A in eq. 14) (Richard et al., 2004) . The d p is calculated from moisture content using equation 15 derived based on figure 6 of Richard et al. (2004) . The value for A is set through refinement using data from Larney and Olson (2006) (Bonifacio et al., 2017) . With changes in  p and  dry being simulated (see Compost Windrow Physical Properties section) and their effects on PO air already modeled, effects of compaction on aeration (Richard et al., 2004; Yu et al., 2008) are not included in the model.
To compute oxygen added through aeration and turning, the amount of air provided must be calculated. The number of moles of air is first determined from the simulated air volume and temperature (i.e., windrow temperature for turning, ambient air temperature for aeration) using the ideal gas law. Note that in the model, simulated air volume for aeration is far greater than that for turning, agreeing with studies indicating that aeration through natural convection, and not turning, is the primary source of oxygen during composting (Michel at., 1996; Michel, 1999) . The amount of air is then the product of the number of moles of air introduced and the molecular weight of atmospheric air. The amount of oxygen is equal to the amount of air multiplied by the weight fraction of oxygen in the atmosphere. In the simulation, values for atmospheric air molecular weight (28.85 kg kmol -1 ) and oxygen weight fraction (0.23) are both held constant.
C AND N PROCESSES
Similar to our cropland (Chianese et al., 2009a (Chianese et al., , 2009b Rotz et al., 2015) and open lot (Bonifacio et al., 2015b) component models, simulations of nitrification, denitrification, and NO 3 --N leaching for windrows are based on functions from the DayCent model (v. 4.5; Del Grosso et al., 2000; Parton et al., 1996 Parton et al., , 2001 , and N runoff is based on that used in the Soil and Water Assessment Tool (SWAT; Neitsch et al., 2005) . In simulating microbial decomposition, consumption, and respiration, relationships and concepts from previous numerical studies on composting (Cekmecelioglu et al., 2005; Liang et al., 2004) were applied to adapt the modeling routines to windrows. For NH 3 volatilization and CH 4 emission, on the other hand, entirely new models were developed. Figure 3 illustrates the association and integration of the different C and N processes simulated for compost windrows. Modeling of each process and tracking of different C and N forms are performed for each defined layer (i.e., four upper sublayers and one lower layer) of the equivalent soil profile ( fig. 2b ). Similar to moisture, organic, mineralized, and microbial C and N forms are evenly redistributed throughout the windrow profile if turning is simulated. In addition, uniform rates of decomposition, nitrification, etc., are assumed for each simulation layer.
Microbial Decomposition, Consumption, and Respiration
For each layer, the organic C required for microbial de- composition is from both manure and added dry material (e.g., straw, cornstalk, or sawdust), while N is from manure N. The different organic C forms in manure and dry material considered in the model are discussed in the Compost Windrow Physical Properties section. In calculating the total amount of organic C that decomposes within a day (C decomp ), the same decomposition rate is applied for both manure and dry material. The value of C decomp is a function of the total amount of organic C available (manure C + dry material C), the microbial decomposition rate (K decomp ), and factors accounting for the effects of moisture content (F m,decomp ) and anaerobic conditions (F anaerob ) on microbial decomposition (eq. 16). The F m,decomp is based on Liang et al. (2004) and equals 0.0 and 1.0 at moisture contents (wet basis) lower than 20% and higher than 40%, respectively. The F anaerob is equivalent to and determined in the same way as the oxygen concentration correction factor in (eq. 17). The half-saturation constant for oxygen in equation 17 is set to 0.02 (Haug, 1993) . The mole fraction of oxygen within the windrow is calculated from the simulated aeration.
Several models can be used in calculating microbial decomposition rate as a function of windrow temperature. Three models evaluated were those by Ratkowsky et al. (1983) , Haug (1993) , and Rosso et al. (1993) . noted that all three models were capable of representing the experimental datasets from Richard (1997) on CO 2 evolution rates. In our model, calculation of K decomp is based on the model by Haug (1993) to reduce the number of estimated parameters. However, similar to Cekmecelioglu et al. (2005) , use of the model by Haug (1993) in its current form was unsuccessful in simulating the rapid temperature increase at the start of composting. To resolve this issue, calculation of K decomp is patterned after the multi-factorial kinetic model derived by Richard (1997) , where the K decomp is a function of maximum decomposition rate (K d,max ), decomposition rate for the slow fraction (K d,slow ), number of days from the start of composting or last turning event (t), lag time in days to reach K d,max (), and a first-order decay coefficient (k decay in eq. 18). In our model, both K d,max and K d,slow are calculated using equation 19, which is the model by Haug (1993) modified to have a maximum growth rate of microorganisms, and thus maximum decomposition, at 60°C (Dobre et al., 2014) . The K d,slow is calculated using the simulated windrow temperature (T w in eq. 19), while K d,max is calculated with the temperature for maximum decomposition (60°C). The value of  is set to 2 d based on data used in the evaluation (Larney and Olson, 2006) . For other parameters, k decay and x 1 (eq. 19), defined as the effectiveness of decomposition rate, were both set through refinement (Bonifacio et al., 2017) .
The amount of manure organic N that decomposes (N decomp ) is calculated from the manure component of C decomp using a cattle manure carbon-to-nitrogen (C/N) ratio of 15 (Bonifacio et al., 2015b) Two important parameters affecting microbial decomposition and C and N cycles in compost windrows are the amount of N available for microbial consumption and the C/N ratio requirement for composting microorganisms ((C/N) req ). In terms of N availability, two major decomposition scenarios are simulated: with and without organic N. In the first scenario, C decomposition is not limited by N availability, and N decomp is always being added to the NH In simulating windrows, (C/N) req for temperatures below 40°C is set at 25 (Shaffer et al., 1991) . With thermophiles having twice the capacity of mesophiles to decompose C (Horwath and Elliot, 1996) , (C/N) req for temperatures at and above 40°C is set at 50. Some of the decomposed C becomes part of the microbial biomass, and the rest is respired as CO 2 . Assuming a C/N ratio of 6 for microbial biomass (Williamson et al., 2003) , 88% and 76% of C decomposed during the thermophilic and mesophilic stages of composting, respectively, are converted to CO 2 through microbial respiration. From the simulated amount of CO 2 , the amount of oxygen consumed is estimated using a microbial oxygen consumption rate of 0.8 mole O 2 mole -1 CO 2 respired (Gea et al., 2004; . Similarly, water generated through microbial activity is calculated by applying a water production rate of 0.9 mole H 2 O mole -1 CO 2 respired (Stombaugh and Nokes, 1996) .
Nitrification
Through nitrification, TAN in compost windrows can be converted to NO 3 --N. Using the DayCent-based routine used in IFSM for croplands, nitrification rate for windrows is a function of the maximum amount of TAN that can be nitrified and factors for temperature, moisture, and pH effects on nitrification (Rotz et al., 2015) . The maximum fraction of available TAN that can be nitrified each day (K max in eq. 13.41 of Rotz et al., 2015) is set through refinement (Bonifacio et al., 2017) . Temperature effect (F temp in eq. 13.41 of Rotz et al., 2015) for windrows is calculated using a Poisson density equation derived based on Stark (1996) . Compared to that for soils (DayCent, 2007) , F temp for windrows has a higher nitrification rate profile over a wider range of temperature (Stark, 1996) , which enables the model to simulate a continuous decrease in NH 4 + -N concentration, specifically for turned windrows (Larney and Olson, 2006) even at temperatures greater than 30°C. Moisture and pH effects are both calculated based on relationships from DayCent (2007; Parton et al., 1996) .
With aeration through and oxygen availability within the windrow profile, nitrification is modeled only under aerobic conditions. In the model, priority is given to composting microorganisms for consuming oxygen made available through aeration and turning. If the corresponding oxygen concentration after microbial decomposition falls below 5% (AAFRD, 2005; Rynk et al., 1992) , that layer enters the anaerobic phase and nitrification ceases.
Denitrification
The NO 3 --N in compost windrows can be lost as N 2 , N 2 O, and NO x emissions through denitrification, an anaerobic process (Parton et al., 1996; Del Grosso et al., 2000) . In IFSM, denitrification is simulated for croplands (Rotz et al., 2015) and open lots (Bonifacio et al., 2015b) using the DayCent denitrification model. Total denitrification N loss is calculated from either NO 3 --N available or C respired, whichever has the minimum N loss equivalent, multiplied by a moisture-based factor (DayCent, 2007; Del Grosso et al., 2000) . In this DayCent model, the amount of NO 3 --N determines potentially denitrifiable N, the amount of C respired represents C availability, and the moisture-based factor (F d (WFPS) in equation 2 of Del Grosso et al., 2000) represents "relative denitrification," with a value close or equal to 1.0 at saturated conditions and 0.0 in the absence of moisture, denoting maximum and minimum denitrification, respectively.
A couple of important revisions were made in implementing the denitrification model for compost windrows, with the modified form given by equation 20. The first revision was to neglect the factor representing C availability (F d (CO 2 ) in equation 2 of Del Grosso et al., 2000) . With overall C/N > 20 recommended for composting (AAFRD, 2005; Rynk et al., 1992) , preliminary evaluation revealed that C would always be in excess. Simulation of the turned windrow with initial C/N ratios of 20, 25, and 30 resulted in N decomposition of 99%, 100%, 100%, respectively, and C decomposition of 88%, 74%, and 64%, respectively, on the 100th day of composting. Compared to our cropland and open-lot component models, the compost windrow model has a processbased approach for simulating aeration and, consequently, oxygen availability. Therefore, the second revision was to replace the moisture-based factor in the original model with an oxygen-based factor (F d,O2 in eq. 20) for representing relative denitrification. With this change, denitrification is explicitly a function of oxygen availability, with denitrification highest for anaerobic conditions and negligible for ambientlevel conditions. Defined as 1 minus F anaerob , F d,O2 has values of 1.0, 0.22, 0.09, and 0.0 for oxygen concentrations of 0%, 5%, 10%, and 21%, respectively.
Nitrate Movement
Adapted from DayCent (2007) , the NO 3 --N leaching model is implemented for compost windrows with the following conditions: (1) an impermeable working surface is assumed so no NO 3 --N leaches into the soil below the windrow, and (2) the outer windrow is treated as four sublayers whereas the inner windrow is treated as one in modeling NO 3 --N movement within the windrow profile. The critical water flow for NO 3 --N leaching (CF leach in eq. 13.53 of Rotz et al., 2015) is set to 1.0 mm for all layers. For windrows, the dimensionless factor accounting for texture effects on leaching (K texture in eq. 13.51 of Rotz et al., 2015) is held constant at 0.6.
Nitrogen Runoff
Nitrogen from compost windrows can also be lost through surface runoff as NO 3 --N, NH 4 + -N, and organic N. Based on published nutrient runoff studies for cattle manure windrows (Eghball et al., 1997; Seymour and Bourdon, 2003; Larney et al., 2014) , N in surface runoff was 6% NO 3 --N, 18% NH 4 + -N, and 77% organic N on average, with ranges of 0% to 42%, 2% to 51%, and 44% to 96%, respectively.
Similar to croplands, N runoff for compost windrows is simulated using relationships from SWAT (Neitsch et al., 2005) . However, the use of SWAT functions presented two limitations. Because SWAT only models NO 3 --N and organic N runoff losses, prediction of NH 4 + -N in surface runoff was not feasible. Organic N lost due to runoff was also not modeled because the SWAT routine for this source was not applicable to compost windrows.
NH3 Volatilization
Depending on windrow conditions, the remaining TAN that is not consumed through microbial activity nor nitrified can be lost to the atmosphere as NH 3 . Unlike animal facilities where NH 3 emission is simulated from the surface of the manure (Bonifacio et al., 2015b; Rotz et al., 2015) , NH 3 volatilization for windrows is modeled throughout the windrow profile. In addition, NH 3 emission from windrows is exhausted to the atmosphere through aeration and turning. Calculation of NH 3 emissions is performed on an hourly time step and for each simulation layer ( fig. 2b ). Similar to the numerical model of Liang et al. (2004) , NH 3 emission rate due to aeration (J NH3, aer ) is a function of the Henry's law constant for NH 3 (H), the difference in aqueous phase NH 3 concentrations between adjacent outer (C NH3,out ) and inner (C NH3,in ) layers, and the hourly aeration rate (V aer /24 in eq. 21). The H is calculated from windrow temperature using the relationship presented by Montes et al. (2009) . The C NH3 is a function of TAN concentration, water content, pH, and a dissociation constant (K a in eq. 22). Windrow pH is held constant at 8.0 based on measurements by Larney and Olson (2006) . The K a is computed from windrow temperature (Montes et al., 2009) . Hourly aeration passing through each simulation layer is dependent on its position in the simulation profile, such that the outermost sublayer of the outer windrow has the highest aeration, whereas the inner windrow has the lowest aeration (see Oxygen and Aeration section). The NH 3 emission rate due to windrow turning (J NH3,turn ) is computed in a similar way except that the volume of air-filled pores (V FAS ) is used instead of hourly aeration (eq. 23).
Several assumptions and conditions are implemented when simulating NH 3 volatilization for windrows. Similar to the open-lot NH 3 emission model (Bonifacio et al., 2015b) , the NH 3 concentration in ambient air is negligible and steady-state conditions are applied (i.e., constant NH 3 concentrations throughout the day). However, unlike the openlot model, effects of NH 4 + -N sorption on NH 3 emissions are neglected due to lack of appropriate values for compost windrows for parameters such as the sorption linear partitioning coefficient.
CH4 Emissions
During composting, CH 4 may form under anaerobic conditions due to fermentation of available C (Hao et al., 2001; Li et al., 2012) . In one process-based model (Manure-DNDC; Li et al., 2012) , the amount of CH 4 emitted depends on both the organic C present and CO 2 -C produced during microbial activity. However, in the CH 4 emission model developed for windrows, C that can be lost as CH 4 can only come from CO 2 -C. This assumption is used to agree with trends reported by Hao et al. (2001) for both static and turned windrows: (1) high CH 4 emissions coincided with high CO 2 emissions, and (2) CH 4 emissions were high during early days of composting, a period with high microbial activity and respiration rates, but were very low afterwards. The latter trend was also observed by Hellebrand and Kalk (2001) for compost windrows made of cattle and pig manure. Based on cattle manure composting studies (Hao et al., 2001 (Hao et al., , 2004 Hellebrand and Kalk, 2001) , CH 4 -C emissions were lower than CO 2 -C emissions by factors of 12 to 21.
In the developed model, two processes associated with CH 4 emission are simulated for each layer on a daily time step: (1) CH 4 fermentation, which converts CO 2 -C to CH 4 -C, and (2) CH 4 oxidation, which oxidizes CH 4 -C to CO 2 -C ( fig. 3 ). In the Manure-DNDC model (Li et al., 2012) , CH 4 fermentation and oxidation are functions of factors accounting for effects of temperature, manure redox potential, and pH. Because pH is assumed constant for windrows and manure redox potential is not simulated in IFSM, these two parameters were not considered in the development of relationships for the CH 4 emission model. The production rate of CH 4 -C due to fermentation (J CH4,ferm ) is a function of CO 2 -C, a factor for temperature effects on CH 4 production (F t,ferm ), and the maximum fraction of CO 2 -C that can be converted to CH 4 -C (K CH4 in eq. 24). The F t,ferm is calculated following the relationships in Manure-DNDC, with the maximum production rate at 30°C (Li et al., 2012) . The K CH4 was set through model refinement (Bonifacio et al., 2017) . The oxidation rate of CH 4 -C (J CH4,oxid ) is computed as a function of available CH 4 -C and factors for moisture content (F m,CH4 ), temperature (F t,oxid ), oxygen concentration (F anaerob ), and air velocity within the windrow (F vel in eq. 25). The values of F m,CH4 and F t,oxid are computed using relationships from Parton et al. (1996) revised according to findings by Stein and Hettiaratchi (2001) , who reported that the highest CH 4 oxidation occurred at a dry-basis moisture content of 15% and within a 25°C to 30°C temperature range. The F anaerob is computed using equation 17, which also corresponded to the trend observed by Stein and Hettiaratchi (2001) . Both F t,ferm and F t,oxid represent the degree of microbial activity during CH 4 fermentation (i.e., as methanogens produce CH 4 ) and oxidation (i.e., as methanotrophs oxidize CH 4 ) with respect to temperature, respectively.
Considering the effects of moisture content, temperature, and oxygen concentration only, preliminary evaluation showed that the model predicted CH 4 -C emissions and CH 4 -C/CO 2 -C ratios significantly lower than those measured (Hao et al., 2001) . Hao et al. (2001) reported high CH 4 emissions during the first few days of composting even in the presence of near-ambient oxygen levels in the outer half of the windrow. Taking into account all measured and simulated windrow conditions for this period, these high CH 4 emissions could be attributed to high aeration and, equivalently, short residence time of airflow within the windrow. With short residence time, CH 4 -C oxidation rates would be low, as CH 4 -C in the air would spend less time in contact with methanotrophs present in the windrow. Therefore, the effect of velocity (F vel ) is included in the computation of J CH4,oxid . An equation for F vel was developed using measured CH 4 -C emission data (Hao et al., 2001; Larney and Olson, 2006) and simulated air velocities within the windrow. Simulated air velocities were approximated from modeled V aer , PO air , and total surface area and assumed constant throughout the windrow. Based on F vel , 99% of CH 4 -C would be available for oxidation at air velocities equal to or less than 0.2 m h 
COMPOST WINDROW PHYSICAL PROPERTIES
Aeration affects environmental conditions within the windrow, such as moisture content (eq. 8) and temperature (eq. 11), and can have direct (e.g., NH 3 volatilization) and indirect (e.g., microbial decomposition) effects on the different processes occurring during composting. As a function of PO air , aeration is greatly influenced by  p and  dry . Based on measurements by Larney et al. (2000) ,  dry for both static and turned windrows increased as composting progressed, with the latter having the higher  dry at the end of the composting period. Although  p was not measured in their study (Larney et al., 2000) , an increasing trend observed for  dry during composting was an indication of  p increasing with composting time.
In simulating compost windrows,  p and  dry are calculated on a daily basis. The  p is calculated as a function of the percentages of raw and composted components in the windrow, with individual particle density set at 1370 kg m -3 for raw material (Das and Keener, 1997 ) and 2300 kg m -3 for composted material (Weindorf and Wittie, 2003) (eq. 26) . Similarly,  dry is adjusted to account for conversion of some raw materials to microbial biomass (i.e., compost). For calculation purposes, the following assumptions are applied for microbial biomass: (1) a molecular formula of C 6 H 11 O 2 N (Kling, 2010) and (2) use of 2300 kg m -3 in approximating its contribution to the total windrow volume.
Aside from simulation of conversion of raw materials to microbial biomass, calculation of both  p and  dry requires simulation of dry matter losses. In the model, the total dry matter loss is the summation of C, N, hydrogen (H), and oxygen (O) losses; other losses (e.g., sulfide, phosphorus) are assumed to have negligible contributions to the total loss. Calculation for C and N is straightforward, with losses based on predicted gaseous emissions. Windrow C and N, which come from the manure and dry material, are easy to track in the simulation as they are converted from one form to another. For H and O, on the other hand, estimation of corresponding losses is more complex. Aside from the manure and dry material, water added at the start of composting and through rainfall is another source of H and O. The main source of O required for composting to proceed is aeration.
Instead of tracking all H and O present in the windrow, only those in the manure and dry material are needed in predicting dry matter losses. The amounts of dry matter H and O lost during composting are approximated from C decomp . This is done by specifying the different organic C compounds present in the manure and added dry material, and their corresponding H and O losses during microbial decomposition. In the compost windrow model, the different organic C compounds simulated, their corresponding molecular formulas, and their respective H and O losses are presented in table 2. The different types of organic C compounds included in the simulation (i.e., manure characterization by Liao et al., 2007) , and the sequence of C consumption (Epstein, 1997) , are as follows: sugar, starch, protein, hemicellulose, cellulose, and lignin. For each organic C compound, two sets of H and O losses are used, one for thermophilic stage and the other for mesophilic stage. The H and O losses implemented in the model are based on decomposition reactions derived using the assumed molecular formula for microbial biomass (C 6 H 11 O 2 N) and the percentages of C decomp respired during the thermophilic (85%) and mesophilic (76%) stages of composting.
Among the organic C compounds simulated, only protein has N content (table 2). During microbial decomposition, not all protein N becomes part of the microbial biomass; some is converted to NH 4 + -N and becomes available for other N transformation and emission processes. Note that implications of the conversion of all protein N to microbial N include no NH 4 + -N production, very low NH 3 volatilization, negligible N loss, and reduced C loss. Preliminary evaluation was performed using different protein N loss scenarios (i.e., 25%, 50%, and 70%), with assessment based on cumulative C loss simulated. A lower protein N loss would require consumption of C other than protein C and thus lead to higher C loss due to microbial respiration; a higher protein N loss would be the opposite. A 25% protein N loss setting, equivalent to 75% conversion of protein N to microbial N, produced C losses that agreed well with the evaluation data for static and turned windrows (Larney and Olson, 2006) . From this setting, corresponding H and O losses for protein were derived (table 2) .
SUMMARY
This article presents a process-based model for simulating cattle manure compost windrows developed and incorporated into a process-based farm simulation model (IFSM v. 4.3) . Existing IFSM modeling routines for soils and open lots were adapted, and new routines were developed for simulating the different processes taking place during cattle manure composting that affect moisture content, temperature, oxygen availability, and C and N balance within windrows. With these modeling routines, our compost windrow model can simultaneously simulate changes in and interactions among environmental conditions within windrows, the physical and chemical properties of windrows, and subsequent gaseous C and N emissions from windrows. In the accompanying article (Bonifacio et al., 2017) , the performance of the compost windrow model was evaluated using measurement data from a published cattle manure composting study (Larney and Olson, 2006; Larney et al., 2000; Hao et al., 2001 ). In addition, an application of the compost windrow model is performed, and some model limitations and potential improvements are discussed. Although designed for cattle manure, our compost windrow model can serve as a reference in developing models for composting other livestock manure and organic wastes. [a] Percentages of non-lignin and lignin components for bedding are based on the type of bedding selected. [b] Values based on Liao et al. (2007) . [c] Molecular formula for protein based on amino acid leucine (C 6 H 13 O 2 N), with N adjusted to meet the assumed manure C/N ratio of 15. [d] The H and O percentage losses for protein based on assumption that 25% of its N is not consumed during microbial decomposition.
